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Abstract

Background
Biomechanical energy harvesting from human motiogs@nts a promising, clean

alternative to electrical power supplied by baésriThis technology could provide
electrical power for portable electronics devicks, computerized and motorized
prosthetics. In this study investigate the amounéreergy that could be harvested
from the following human motions: heel strike; amkknee, hip, shoulder, and elbow
joint movements; and centre of mass motion duriradking. We seek to harvest
energy while adding only minimal effort to the user

Methods

Evaluation of major motions during walking is perfed; this analysis is based on
identifying how much work is done during the moti@md what part of it could be

used with adding minimal effort. E.g. During a heslike energy is lost to the

surroundings through the compression of the shée $o joint motions there are

phases where the muscles act as brakes, and vieerequired braking torque could
be replaced by an electrical generator. The amotuenergy that could be harvested
is estimated with tools used to study human mosagch as inverse dynamics.

Results

The analysis reveals that for a device that usege®f mass motion the maximum
amount of energy that could be harvested is apprataly 1W per kg weight of the

device. For an individual with a weight of 80kg wialy at normal speed the power
generation from the heel strike, is approximately. 2Further, for a device based on
regenerative braking that is mounted on a humatrt,jthhe most powerful joints are

knee, 34W, and ankle, 20W.
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Conclusions
These theoretical calculations align well with ewtr devices performance and they

also suggest that much more energy could be haddstm the lower limb joints.

However, to do so an innovative and light mechdniesign is needed. For better
understanding of the weight issue, we compareaphien of carrying batteries to the
cost of harvesting the energy. Further, advantadesiethods for conversion of
mechanical energy into electrical energy are diesdri Lastly, currently all devices
apply either maximal torque or no load. We conctutteat regulating joint resistance

load should enable better power output.

Background
With the increasing use of portable electronicsicis/such as mobile phones,

the GPS (global positioning system), and laptopmaters in our daily lives, the need
for mobile electrical power source is increasindpisTpower demand is typically
answered by carrying batteries for the operatiortheSe devices. This, however,
limits the time of use of these devices as theebat run out and need to be
recharged or replaced. For general use in the westarld this problem is more of an
inconvenience, and it and can be solved by conmgtti the electrical grid. For some
users this solution is not feasible, such as usetkird world countries and hikers
who travel in remote areas where the power gritbtswvell developed or stable. Other
examples for such a need are: computerized presissh as the Proprio foot, Rheo
Knee, and C-leg, which need to be charged at leasty two days and have an
average power consumption of less tharwWl[1-3]. A more power-demanding
application is the Power Knee, which is a poweredsthesis for above-knee
amputees with actuation. The Power Knee needs tedbarged after every six hours

of continuous use [4]. In all the above applicasidime operation time is limited by the
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ability to carry the weight of the batteries andrtfore there is a need to compromise
in terms of the amount of electrical power and tomhesage.

Technology that will provide energy for a longemé& without having to
recharge the batteries is required. There have bemry developments of batteries
with better power density and optimization of powerage, as well as searching for
alternative sources of energy such as solar arldcélletechnologies. An interesting
technology that has the potential to generate gnergpower electrical devices is
using human body motion.

The idea of harvesting energy from human motidbaised on the fact that an
active person's energy expenditure, which is theuwsrof energy used by the body,
is 1.07*10 J per day [5]. This amount of energy is equivatenapproximately 800
AA batteries of 2500 mAh, whose total weight is @®0 kg. A considerable amount
of this energy is released in the form of heat@aton. The mechanical efficiency of
the human body is estimated to be about 15-30%Héihce, we might be able to use
this energy for powering electronics devices initoldl to generating motion.

The main challenge in developing such technolody onstruct a device that
will harvest as much energy as possible but wiénfere only minimally with the
natural motion of the body. Further, ideally suclilevice should not increase the
metabolic cost, which is the amount of energy neby the human to perform the
activity.

As mentioned above, human mechanical efficiencytianost 30%. This
means that most of the energy humans consume ak ifogeleased into the
atmosphere as heat. Hence it would make sensg amdir harvest this thermal energy
and convert it into electrical energy. However réhare several obstacles to overcome

in order to utilize this thermal energy. First, &dson Carnot’'s equation [7] it is
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possible to calculate the maximum efficiency okathengine device. A heat engine is
a device that converts heat energy into mechaneargy. At a supposed
environment temperature of 20°C, the best effigraafcsuch system will be

Body — | Ambient _310-293

T
Efficiency=
Teosy 310

= 55%, (1)

where Tgogy and Tamsier are the body and the surrounding temperatureselvitk
degrees. During natural walking the total energgt 1h released into the atmosphere
as heat is approximately 300W [H]we could convert all this energy into electrncit
with the maximum calculated efficiency, the maximyower available during
walking would be 16.8W. However, in order to acledtis, the entire human body
would have to be covered with a suit, and this might be practical. Further, in a
warm climate the temperature difference between libdy and the surrounding
environment will be lower, which will reduce thdieiency of the heat engine device.
This leads us to focus on the mechanical energhefody during motions
performed while walking. Complex motions such aslkimg and running are
composed of many relative motions between diffetady segments, e.g., forearm
and upper arm, or between a segment and the greumd,heel strike and centre of
mass. When considering a given motion as a careliftat an energy harvesting
device, the main factors that need to be takendntmunt are as follows. First, during
walking the muscles cyclically perform positive amefative mechanical work within
each stride. Where during positive work phase thisales generate the motion, in
negative work phases the muscles absorb energgciras brakes to slow or stop the
motion [6]. Ideally the energy harvesting devicdl waplace the muscle action during
negative work and create the resistance to slowntbgon, similar to “generative

braking” in hybrid cars. Therefore when assessimg potential power harvesting
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capability during each motion, we should focuslma uscle's negative work phases.
A second factor is the effect the device may havéhe human gait. As an example,
during the heel strike part of the energy is coteetinto heat in the shoe sole [8].
Therefore harvesting this energy should not affemtmal gait pattern. Third, an
important parameter for the energy harvesting aevec how the device will be
attached to the human body and how convenientsiesswill be. A final factor is the
effect of the additional weight of the device or @imount of human effort. In the
following section we analyze the main human bodyiomosegments during natural
walking to assess the potential power harvestingalgiity during each motion

segment.

Methods

For the analysis of the energy during these metie used the following
definitions of work: 1) force acting through a placement, and 2) the product of

torque and angular displacement.

W:'TF-ds andW:'Tr-de, (2)
0 0

where we denote the force and torque as F g@ndnd the linear and angular

displacements as S a6d

Negative and positive muscle work: Winter [6] defined negative and
positive muscle work as follow®.ositive work is the work performed by the muscles
during a concentric contraction, that is shorteniighe muscle, when the torque
applied by the muscle at the joint acts in the sdmextion as the angular velocity of
the joint. When the muscle is performing positiverky it generates motion. Negative
work is the work done during an eccentric conta@gti.e., lengthening of the muscle,

when the muscle torque acts in the direction opedsi the angular velocity of the
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joint. When the muscles conduct negative work thetyas brakes to slow or stop the
motion. An equivalent term for negative work by tf@nt muscles is energy
absorption. In this case the energy absorbed byniele is released in the form of
heat, causing the muscles to get warmer.

The major body motions during walking that will bensidered as potential
energy sources are heel strikes, centre of masgomathoulder and elbow joint
motion during arm swings, and leg motions, i.eklanknee, and hip motions. Next
we analyze each of these motions and estimatentioairat of work performed at the

relevant joints and locations.

Heel strike

Heel strike refers to the part in the gait cycleewlihe heel of the forward
limb makes contact with the ground. Several stulege modelled this motion as a
perfect plastic collision, e.g., [9]. Other resdears believe that there is an elastic
component to this motion, e.g., [10, 11]. It iswever, generally agreed that there is
energy loss during the collision.

Several researchers have studied this motion @l tv estimate the amount
of energy it dissipates. For example, Shorten resulated the energy loss in a
running shoe, and relates it to force acting thivadinear displacement [11]. Using a
viscoelastic model for a midsole, he found out wbatt of the energy is stored as
elastic energy at the shoe sole and what partssipdited. He predicts that for a
typical runner running at 4.5 m/s the value of igigked energy could range from 1.72
to 10.32 J during a single step, while most of #nergy loss occurs during the heel
strike. For a better understanding of the sourcenargy, let us consider a simple
model where an external force is acting on the sube during a gait cycle (Figure

1). The maximum ground reaction force acting onghee is approximately equal to

-7 -
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1.2 of the body weight, and most of the heel cosgiom occurs directly after the heel
strike (first 20% of the gait cycle). Thereforesaming displacement of 4 mm in the
shoe sole and a weight of 80kg, the work for thenmession of the heel is
approximately 2 J/step. Since a gait cycle is apprately 1Hz at walking (two steps
per second), the theoretical maximal power will4yg. Moreover, if 50-80% of the
energy is stored as elastic energy in the shoe ffhiéh the maximum energy during
walking that is available for use would be approxiety 2W. While it is possible to
construct a device that will have a larger disptaeet during the heel strike, this may
lead to declining stability and maneuverability [12ntuitively speaking, this will
result in a feeling such as of walking on soft sand

<< Figure 1 should be inserted about here>>

Leg motion

During walking, a human’s muscles generate movesnahthe ankle, knee,
and hip joints. These torques are all along threes g3-D) and their magnitude
changes during the gait cycle (Figure 2). Howetlee, most significant torque in
term of the work that is performed during the watkicycle is the movement that is
normal to the Sagittal plane [13]. Winter and cafjees calculated the work
performed at leg joints during one step and nomedlit by the subject’s weight [14].
In addition, they divided the net work done by thascles at the joints into several
phases of motion. The classification is based osaleunegative energy and positive
energy performed during walking (Table 1). We hasged these findings to estimate

the total and negative work done during a gaitewtithe hip, knee, and ankle joints.

For an 80 kg person during natural speed walkingre/tthe general form of the

equation used for the calculations is:
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Energy calculation for the ankle

W,y = 80x [~ 0.0074+|0.0036+ |- 0.111+|0.296] = 33.4436%ID
W, e = 80x [ 00074 0111 = ~ 947
negative setp
W
negative _ 947 _ 283% (6)
W, 3344

Energy calculations for the knee

E = 80x [~ 0.048+|0.0186+|- 0047 +|- 0.114]= 18.286%IO
E pogatve = 80 [~ 0.048—0.047-0.114] = 1672
Setp
E__.
negative _ 1672 _ 919%
Eow 182
Energy calculations for the hip
Eoa =80x[0.103+|-0.044+|0.090|= 18.968a%p
J
E pogaive = 80% [~ 0.044] = — 352§IO
E
negative — 352 :18560/0
Erya 1896

To sum up, the total work done at the hid&96 J, while its negative portion is 3.52
J. For the knee, the total work is 18.2 J, andrnibgative portion is 16.7 J. For the

ankle, the total energy is 33.4 J and the negatovgon is 9.7 J.

<< Figure 2 should be inserted about here>>

<< Table 1 should be inserted about here>>
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Arm and centre of mass

In order to calculate the energetics of the armthedcentre of mass, we
preformed an experiment with three male subjecesdit: 82kg [range 72-88 kq];
height: 180 [range 1.72-1.86m]), who walked at retspeed 1.1 m/s (range 1.0-
1.2m/s). Motion data were obtained using a six-camaotion capture system with a
sampling rate of 100Hz (Vicon 460, Lake Forest, CMarker motion data were
low-pass filtered (Butterworth fourth-order forwaadd backward passes) with a cut-
off frequency of 6 Hz. The arm was represented byw link system consisting of
upper arm and forearms (including the hands). Bigenental properties (mass, centre
of mass and moment of inertia) were calculateddaseadjustments to Zatiorsky-

Seluyanov's work by De Leva [15].

Centre of mass motion

Another motion that could be utilized to generatergy is the motion of the
centre of mass. The centre of mass performs a metmilar to a 3-D wave (i.e., up-
down and left-right). The amplitude of the vertieegave is approximately 2.5cm
(total motion from lowest point to highest is 5cj@). Alexander estimates the energy
required for human motion as the energy requiregdirect the velocity of the body
centre of mass at the end of each stride [16]. asean inverted pendulum model
(Figure 3) that consists of a point mass movingaigid masdess leg, he proposed
that the velocity of the centre of mass just befine changeover is at a right angle
with the leg (-V), and after the changeover ittia @ight angle to the leading leg (+V).
He argued that there is a loss and regain of \&rkinetic energy. In order for this

change in velocities to occur, the leg muscles rieedb negative work and then an
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equal magnitude of positive work. He proposed ama#ggn for the cost of
transpiration based on the above. We used this immdesstimate the cost of
transportation for a mass located near the bodiyeeh mass.

2

V
C=4—gl><Sin(0), 3)

where C is the cost of transport (work per unibofly weight and travel distance); -V
is the velocity immediately before the cross-ovetween legs occurs, and +V is the
velocity after the cross-over; | is the leg lengthis half the angle that one leg
conducts during full step.

Using this model and the experimental data fromedahtest subjects, we
calculate the energetic cost of transporting a 2@kgload mounted on the centre of
mass for a 1.80m person during walking at speetl. bim/sec. Where the velocity
before and after (V) was approximately 1.3m/s,aherage step length was 1.3 m, leg
length was approximately 1m, and the gait cyclguency 1Hz. From trigonometry
we can see that the angleis approximately 40 Therefore the cost of transportation
C =0.028 and the energetic cost for carrying a 20kgs is 5.4J per step and 10.8 W,
respectively.

The second model we used for estimating an uppand@or the total amount
of energy required to generate this motion is basedhanges of height of the mass at
each gait cycle (i.e., the mass moves up and d@progimately 5 cm each cycle).
Assuming no exchange of kinetic and potential epeng can assume that the energy
required moving the mass one gait cycle would bengh, where E is energy, m is
mass, g is the gravitation acceleration, and height. Based on previous walking

data (20 kg mass, etc.), we can produce 20W ifowddcharness this energy.

<< Figure 3 should be inserted about here>>
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Arm motion

Arm motion refers to the swing movement of the dackward and forward
during walking and running. The arm motion is casgd of two sub-motions, the
relative motion between forearm and upper arm (ghaf angle in the elbow), and
the relative motion between the trunk and the ugen (change of angle in the

shoulder).

To calculate the net muscle joint torque during dineing the gait cycle, we
used a recursive inverse dynamic (top down). Thismg equation 2, we calculated

the work at the shoulder and elbow joint duringad gycle.

Results

Maximal amount of energy
All our analyses are summarized in Table 2. Thimmmary presents the

amount of work performed in each joint or body maxtt how much of it is negative
work. Further, it shows the maximum joint torqueridg these motions. This is
important, since for harvesting maximum energy, euaergy conversion device

should be able to withstand torques similar in nitagie.

<< Table 2 should be inserted about here>>

When considering the design of the energy harvetiter device will ideally
be able to generate electricity from human motiatheut causing additional load.
Analysis of human motion reveals that there aretiypes of motion that are relevant
for harvesting energy: 1) motions where the enesggpst to the surroundings (e.qg.,
heal strike), and 2) motion where the muscles amopming negative work. In a

motion such as the heal strike, the energy canobeih the form of heat, plastic
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deformation, sound, or any other form. Since #mergy is lost in any case, using it
for an energy conversion device will not cause taltil load to the user. The second
type of energy source is phases in the motion whegative work is done by the
muscles. The idea is that during these phases tiseles are acting as brakes and
slow down the motion of the limb. By replacing therk done by the muscle with an
electric generator we could reduce the load omthscles and generate electricity at
the same time, similar to generative breaking ibridycars. Other factors that need to
be considered are that the weight of the devickimgrease the energy expenditure,
and that the lower the additional mass mounteceridg, the more the energetic cost
of carrying will increase [17, 18].
Cost of harvesting electrical power

An addition of mass to the device adds to the nmdi@lzost of using it. In
addition to the weight, the location of the devisalso important. As the metabolic
cost for carrying the load becomes higher, the taive mass is placed on the leg [17,
18]. Therefore, when comparing two devices thatglvahe same and produce the
same amount of energy, a knee device will haveteeh€OH [19] than an ankle
device, where the cost of harvesting (COH) is d=fias:

Ametabolic__ power

COH = , :
A€lectrical _ power

(4)

Moreover, currently both the knee device and thekpack increase the
metabolic power; in theory if the weight of the @®s is small enough it is possible
that they will not increase the metabolic cost. rEfme, reduction of the device
weight by the use of lighter materials (e.g., carlibres) and an optimized design
could have a significant effect on the shoe and kihee devices' COH. Another
important aspect is the relation between the méitapower and the electrical power

generated, where the total metabolic cost is cocstd form the metabolic cost of
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positive and negative work at the joint. Yet, thigcency of the muscle during these
two types of muscle work is not the same.

For positive work, efficiencies range between 158d @5% [6], while for
negative work the muscles' efficiency values rainge 28% to 160% [20, 21]. The
parameters that affect muscles efficiencies are:p#rformed motion, the muscles
involved, forces, and velocity. This means thaewlthe energy harvester replaces
the muscle work during negative work, the predialiction in metabolic cost will
be less then the predicted reduction for replagiogitive work phases. Further, in
some case the negative work is performed usingyeasiements such as connective
tissue, which store elastic energy like spring egtdrns it back [22]. In these cases
harvesting this energy means that the muscleshawle to perform extra work in
order to return the energy that is lost to the ceeviFurthermore, for devices based on
the generative braking we have used the joint petep as a criterion to determine
joints that are good candidates for energy hamgstievices. Yet, it is difficult to
interpret the contribution of each muscle to thejoiat torques. This is due to several
reasons: 1) Muscles are working at cross multiplets, and therefore theoretically it
is possible that the muscle will contribute to rtagawork at one joint and positive
work at the other joint; 2) The net joint momensuks from all agonist and
antagonist muscle activity, and therefore cannobait for simultaneous generation
of muscle group and absorption by the antagon@igror vice versa. As a result it is
possible that when the generator resists the maliwimg positive power it will help
the muscle that is doing negative work. Therefoien recommending an
appropriate joint for the generative braking basedthe amount of negative work
done at the joint, it should be considered as dipagon and be evaluated based on

experimental work.
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Comparing the cost of energy harvesting to carrying batteries
While ideally the energy harvesting device would imerease the metabolic

cost, in some cases it might. In these cases ohailg may have to carry extra food in
order to cover the additional metabolic cost dueléatricity generation. Hence, for a
given mission, a comparison should be made betwben metabolic cost for
generating energy and carrying the extra food wersarrying batteries with the
equivalent amount of energy, in order to decidetwia best option is. In the case of
the backpack device [12] the user carries the foutithe batteries on his/her back so
that the cost of the carrying the weight is the esaifhis device achieved 19.5%
efficiency in converting the metabolic energy teattical power. The specific energy
of food is typically (3.9x 10J kg")[23], which is much greater than specific energy
for lithium batteries (4.1 x £QJ kg") and zinc-air batteries (1.1 x °10 kg)[24].
Therefore, when comparing the need to carry extiad fversus the batteries the
weight of food will be 19 times lighter than litlmu batteries and 7 times lighter
compared to zinc-air. For example, walking at 15while generating 5W) for 10
hours will save approximately 0.4kg of lithium leaies and 0.15kg of zinc-air
batteries, meaning the longer the expedition, teatgr the weight savings.

While for the backpack most of the weight is catramyway, the knee device
adds extra weight to the user; further, its locatan the knee causes a higher
metabolic cost than a weight that is added at #ok lor waist. This additional weight
explains why, although this device has a better C@Hconversion efficiency of
7.6% is lower. However, better and lighter desighsuld increase this device's

conversion efficacy significantly.

Discussion
After developing a better understanding of the gynesources from human

motion, we include a state-of-the-art review ofséixig devices. These devices are
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classified according to the motions used to hartrestnergy and the location of the
device on the body.
Centre of mass

This is a device based on the motion of centre asvuring walking. These
types of devices use the motion of the centre ofsmlative to the ground to
generate energy. Due to this motion the body appbeces on the backpack or any
other mass in order to change the direction ofmitgsion. Rome and colleagues used
these forces in a spring-loaded backpack that baesethe vertical oscillations to
harvest energy [12]. This device, with a 38 kgdlogenerates as much as 7.4W
during fast walking (approximately 6.5 km/h). Tlevice is a suspended-load
backpack (Figure 4) that could be interposed betvilee body and the load, resulting
in relative motion movement. In this device theatiele motion was approximately
5cm and this linear motion was converted to a yotaotion that drove a generator (a
25:1 geared dc motor). Generating this energy acageved with a small amount of
extra metabolic cost of 19W, which is 3.2% morentltarrying a load in regular
backpack mode (with no relative motion).

<< figure 4 should be inserted about here>>

Another approach to harvesting energy using a lmatkwas taken by
Granstrom and colleagues [25], who mounted a plezt& in the shoulder strap of
44Kg backpack and used the stress in the strapeéate SOmW. Different classes of
devices that use the motion of the centre of nabsitness energy are based on
oscillations of a floating magnet due to this motibliu and colleague built a linear
electrical generator (1kg) that used the motiothefbody during walking to produce

from 90 to 780mW, depending on the walking condsi¢26]. In this study they
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optimized the electrical circuits and linear get@raesign to produce the highest
power output from the walking motion.
Heel strike

Several devices have been built in the past torgemenergy from the heel
strike motion. These devices use the energy framdhative motion between the foot
and the ground during the stance phase (the phasgkich the foot is on the ground).
In addition, in some cases the device uses enengythe bending of the shoe sole. In
both cases the device aims to use energy thatvaeeis lost to the surroundings. An
example of such a device is a hydraulic reservaih van integrated electrical
magnetic generator that used the difference inspresdistribution on the foot to
generate a flow during the gait cycle. This prgbetyroduced an average power of
between 250 and 700 mW during walking (dependinghenuser’s gait and weight).
However, it was quite bulky and heavy [27]. Paradiad his colleagues built a shoe
that harvested energy using piezo-electrical magefrom heel strike and the toe off
motions. The average power during a gait cycle was 8.3léther device that was
built by the same group is a shoe with a magnetiary device that produced a peak
power of 1.61 W during the heel strike and an ayeq@ower of 58.1 mW across the
entire gait [28].

A different approach was taken by Kornbluh anddalaborators [29] at SRI
International, who have developed electrostaticegaiors based aroudectr oActive
Polymers. This material can generate electricity as a fumcthd mechanical strain.
This technology enables energy densities for praktlevices of 0.2 J/g. In addition,
this material can cope with relative large straif®-100%). The SRI team
incorporated an elastomer generator into a bodt ibe generator design is based on

a membrane that is inflated by the heel strike.yTaehieved 0.8J/step (800mW)
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using this device. This energy was harvested dwinogmpression of 3mm of the heel
of the boot onto which the device was mounted [29].

A key advantage in the construction of such devisebat they can use an
existing shoe in order to implement their deviced Ay that reduce the need to wear a
special device to generate the energy. The powgubof these devices is relatively
low, with a maximum of approximately 2W at normalliing speed. However, there
are many applications (e.g., MP3 Player, PDA, talltelephone) where this energy
would be sufficient and this might be an excellgitition for this problem.

Knee

A device for the knee joint based on negative wofkthe muscles was
proposed by Niu and colleagues, [30] and such &déas recently been developed
by Donelan et al. [19] and Li et al. [31]. Theirvtl®® comprises an orthopedic knee
brace configured such that knee motion drives ar gesan (113:1) through a
unidirectional clutch, transmitting only knee exdem motion to a DC brushless
motor that serves as the generator (Figure 5).dEvice’'s weight was approximately
1.6kg. The generated electrical power was disstphy a load resistor. This method
generated 5W (from both knees using two device&)5anh/s walking speed. The cost
of harvesting the energy was an additional metatwalst of 1 W. This additional cost
is less than one-eighth of that for conventionahbo power generation (e.g., hand-
crank generators as well as wind-up flashlightsyidave required. However, there
were some limitations to this device: 1) this devitsed only a small part of the
motion of the knee (end of the swing phase) to ggaeenergy. Where during the gait
cycle the muscle net work in the knee joint is appnately 90% negative work
which is approximately 34W. The current device leats energy only at the end of

swing phase, it has 65% efficiency, and two devitesiage to harvest 5W during
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walking at 1.5m/s. Based on this data we calcul#tedoower difference between the
current device and an ideal device (that could é=trall the negative work during
walking). Power that is still available = (total veer — current power output/
efficiency)*device efficiency = (33.5-5/0.65)x0.656.8W. The main challenge in
harvesting energy from the knee movement is thatder to harvest more energy the
resistance to the motion as generated by the dewiltencrease. This means that

more of the motion controls will be done by theidevand not by the human.

<< Figure 5 should be inserted about here>>

Method for energy conversion

So far we have reviewed human motion as a sourem@fgy, as well as the
current state of the energy harvesting technolégigey component of these energy
harvesting devices is the method they use to conier mechanical work to
electricity. The main technologies used are: pikxdec, Electro Active Polymers
(EAP), and electrical induction generators. Piezcteic materials generate a voltage
when compressed or bent [32], and have been usedynfiar heel strike devices.
Their main advantage is that they are simple torperate into the shoe. However,
due to the small displacement and high generatéidgey the power output of this
technology is limited to approximately 100mW [38]ectro Active Polymers (EAP)
also generates electricity when under a mechastoasds; they have a low efficiency
compared to magnetic machines and relatively higgration voltage that can make
the electrical circuit complicated and expensiveet Ydue to the excellent strain
properties of EAPs when compared to piezoeledtniere is much more energy that
could be harvested. Further, compared with magmetterials, EAPs are much

lighter and easier to shape. Therefore we concthdg are a good alternative for
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biomechanical applications [33Magnetic machines are low in cost and have the
highest conversation efficiency of the three meghddowever, generally the higher
efficiency levels are achieved at high speeds anatary implementations. Human
motions are relatively slow, and as a result thaiegtion of electromagnetic energy
conversion needs an addition of transmission teease the rotation speed. While for
the backpack the transmission added a small pexgeno its total weight, in the knee
device the transmission construction added apprateiy 650gr, which was 40% of
the total weight of the device.

Moreover, when using a rotary magnetic-based gémerthe input should
ideally have a constant rotation direction and dpémwever the human joint angles
change speed and direction during the walking ¢ytlis adds more complexity to
the use of rotary magnetic devices to harvest gnebgher directions for future
research are the innovative design of magnetic mastthat will reduce the need for
high rotary speeds, improvement of the power dgnsihd efficiency of energy

harvesting using Elastomers.

Conclusions
Biomechanical energy harvesting technology is a nawd interesting

approach to producing energy for portable devi¢és.used biomechanical models to
estimate the potential power output that could devésted from each of the major
human motions, and discussed the advantages aadvdigages of each motion.
Further, a review of the state-of-the-art in thésehnology devices and types of
energy conversion methods revealed that for heilestlevices the most promising
technology seems to be Electro Active PolymerssTiki mainly due to the low

power—to-weight ratio, and that such devices alstyabduce energy in the amount

of 0.8W, which is close to our estimation of a nmaxm of 2W during normal
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walking. The backpack device achieved 7.4W at 6s5agsuming 50% energy losses
due to friction in the system and energy conversoms. This power output is more
than the available energy predicted by the modet@diired energy for redirecting the
velocity of the mass at the end of each strideguthe inverted pendulum mode. This
suggests that more contributions to energy areinedjdor carrying a backpack than
only the redirection of the mass velocity (i.e paErthe metabolic cost might be due to
change in height of the centre of mass). The neteebhology for energy harvesting
is replacing the muscle work by regenerative brgksimilar to that in hybrid cars.
Theoretically, this method has 60W available whensadering all the leg joints, and
after typical conversion losses of 50% it is readia to believe that it could generate
25W at normal walking. This is much more than thlieeo methods that aim to
generate energy without increasing the metabobkt. ddhe main challenges that must
be overcome to reach this goal are: first, theenirknee device works only at the
swing phase, not using all the phases of negator& during the gait cycle. The main
challenge here is that the rotary magnetic basergéor typically rotates at high
speed (1000-10,000 rpm), while the human angullrcitg for typical joint is in the
order of 20 rpm. This mean a high gear ratio isiregl. Yet the higher the gear ratio,
the more losses due to friction. Further, the hunoam angles change speed and
direction during the walking cycle, and ideally thenerator should rotate in constant
speed and direction. These demands, as well asétabolic cost of to carrying
additional weight of these devices, call for innibx@ and lighter design of these
devices.

Another area that needs to be developed is theadreantrol. Currently these
device use an on/off control with a load that, dogiven motion, was determined by

the generator, the gear ratio, and the effectieetetal load. In order to be able to
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harvest more energy there is a need to match therg@r’'s and joint's angular and
torque curves during the given motion. There are tmays to do so — first by

constantly changing the gear ratio, and second¢Hanging the effective external
electrical load. However, this high power outputame that more of the motion

control is done by the device and not by the hunaa, this should require a much
more sophisticated control. Currently the knee éster was tested during walking on
a flat surface (treadmill), and used the anguldocry data to control the timing of

harvesting. Yet when walking on a terrain thatraltéhe gait pattern, angular data
might not be sufficient to determinate the joingatve power phase.

In summary, biomechanical energy harvesting caa tlean, portable energy
alternative for electronic mobile devices versuswemtional batteries. This is
especially true in areas where the power grid iswall developed, such as in third
world countries. In addition, it could serve asoavpr source for medical devices such
as prostheses with electrical motors and contsjlland exoskeletons, which could

benefit from the development of this technologyvad.
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Figures

Figure 1: Ground reaction forces during execution ba single stride

Figure 2: Typical kinematics and kinetics during awalking cycle (subject
mass=58 kg, speed 1.3 m/s; cycle frequency 0.9Haata from [6]: Zero ankle angle
is defined as 90 degrees between the shank arfidath&ero knee angle is full
extension of the knee (straight leg); Zero hip anglthigh 90 degrees with the
ground.

Figure 3: Walking as motion of an inverted pendulum

Figure 4: Suspended-load backpack for generating energy.

The pack frame is fixed to the body, but the lthounted on the load plate, and is
suspended by springs (red) from the frame (blug) QAring walking, the load is free
to ride up and down on bushings constrained taocatmods (B). Electricity
generation was accomplished by attaching a toathaldto the load plate, which
when moving up and down during walking, meshes @ifinion gear mounted on a
geared dc motor, functioning as a generator, ygadliached to the backpack frame
[12].

Figure 5: Biomechanical Knee energy harvester [19].(A) The device has an
aluminum chassis and generator (blue) mounted onséomized orthopedic knee
brace, totalling 1.6kg mass, with one worn on elagh (B) The chassis contains a
gear train that converts low velocity and high terat the knee motion into the high
velocity and low torque required for the generaiperation, with a one-way clutch
that allows for selective engagement of the gean tluring knee extension only and
no engagement during knee flexion. (C) The schemdiagram shows how a
computer-controlled feedback system determines whhgenerate power using knee-
angle feedback, measured with a potentiometer nedum the input shaft. Generated
power is dissipated in resistorRg, generator internal resistand&;, output load
resistance; E(t), generated voltage.
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Tables

Table 1: Work performed at the leg joints during awalking step normalized by
the subject's massAl1-3 are phases of work that are performed in thidegjoint,
K1-4 are phases for the knee, and H1-3 are fohijmgoint. Work represents the net
summation of the joint muscles [14] and negatiMeeaepresent negative work

Work during the PhaseAverage Standard Deviation
(J/Kg) (J/Kg) (J/Kg)
Ankle A-1 -0.0074 .0072
Ankle A-2 0.0036 0.0046
Ankle A-3 -0.111 0.042
Ankle A-4 0.296 0.051
Knee K-1 -0.048 0.032
Knee K-2 0.0186 0.026
Knee K-3 -0.047 0.015
Knee K-4 -0.114 0.015
Hip H-1 0.103 0.047
Hip H-2 -0.044 0.029
Hip H-3 0.090 0.027

Table 2: Summary of total work done by the muscleat each joint or segment of

the body during the walking cycle

Joint Work [J] Power  Max torque [Nm] Negative work
W] % ]

Heel Strike 1-5 2-20 50 1-10
Ankle 33.4 66.8 140 28.3 19
Knee 18.2 36.4 40 92 33.5
Hip 18.96 38 40-80 19 7.2
Centre of Mass 5.4,10*  10.8 ,20**
Elbow 1.07 2.1 1-2 37 0.8
Shoulder 1.1 2.2 1-2 61 1.3

(*) Except for calculations for centre of mass amekl strike, all other calculations have been
completed for an 80Kg human assuming a walkingueegy of 1Hz per cycle (i.e., two steps). We

chose to use 1Hz to simplify the calculation, siitcis close to the 0.925Hz that was measured by

Winter et al. [14].
** Energetic cost of transporting 20Kg payload wsitwo models (walking frequency of 1Hz per
cycle)
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Additional files

Additional file 1 — Sample additional file title
Additional file descriptions text (including deibf how to view the file, if it is in a

non-standard format).
Additional file 2 — Another sample additional filetitle
Additional file descriptions text (including dewibf how to view the file, if it is in a

non-standard format).
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